and different sizes of visible emissive PbS QDs were formed at different temperature (see Table S1 ). The reaction flask was subsequently left to cool to room temperature using an ice bath after the desired size of QD was formed. Table S1 . A summary of synthesis conditions and optical properties extracted from the asprepared PbS QDs and other previous reports. Absorption errors are generated from various absorption onset values.
Absorption (eV)
Emission ( 5 10 mL of hexane is added to the cooled solution and centrifugation was carried out at 8000 rpm for the purification. The precipitate was discarded and acetone was added to the supernatant followed by 10 min of 8000 rpm centrifugation. The dispersion in hexane and precipitating with ethanol (1/10, v/v) were carried out two times. 2 mL oleic acid is added into the hexane phase when the precipitate does not dissolve in hexane. After drying the precipitation, the QD was finally dispersed into toluene with a weight concentration of 50 mg/mL for device fabrication and characterization.
Synthesis and purification of ZnS QDs.
The zinc precursor was prepared in a two-neck flask, which was loaded with 1.27 g (2 mmol) of zinc stearate, 1.42 mL (4 mmol) of OA and 20 mL of ODE. The solution was degassed at 100 °C in vacuum for two hours until a clear solution was formed. Then the solution was cooled down to room temperature under Ar. Subsequently, 0.032 g (1 mmol) sulfur flake was added to the solution. The reaction temperature of the flask was elevated after the addition of sulfur and different sizes of ZnS QDs were formed at different temperatures. The reaction flask was subsequently left to cool to room temperature using an ice bath after the desired size of QD had been formed. 10 mL of hexane was added to the cooled solution and centrifugation was carried out at 8000 rpm. The precipitate was discarded and acetone was added to the supernatant followed by 10 min of 8000 rpm centrifugation. The dispersion in hexane and precipitating with methanol (1/10, v/v) were carried out two times for further purification.
Synthesis and purification of ZnSe QDs.
The zinc precursor was prepared in a two-neck flask, which was loaded with 1.27 g (2 mmol) of zinc stearate, 1.42 mL (4 mmol) of OA and 20 mL of ODE. The solution was degassed at 100 °C in vacuum for two hours until a clear solution was formed. Then the solution was cooled down to room temperature under Ar. Subsequently, 0.078 g (1 mmol) selenium powder was added into the solution. The reaction temperature of the flask was elevated after the addition of selenium and different sizes of ZnSe QDs were formed at different temperatures. The reaction flask was subsequently left to cool to room temperature using ice bath after the desired size of QD had been formed. 10 mL of hexane was added to the cooled solution and centrifugation was carried out at 8000 rpm. The precipitate was discarded and acetone was added to the supernatant followed by 10 min of 8000 rpm centrifugation. The dispersion in hexane and precipitating with methanol (1/10, v/v) was carried out two times for further purification.
Synthesis and purification of ZnO nanoparticles (NPs).
Zinc acetate dehydrate (0.9788 g) was dissolved by 42 mL of methanol in a two-neck flask equipped with glass condenser, and the solution was heated to 60 °C under air. KOH (0.469 g) was dissolved in 22 mL of methanol and added dropwise into the zinc acetate reaction flask over a period of 10 min. After a total reaction time of 90 min, the flask was then cooled to room temperature. The ZnO nanocrystals were purified by three circles of centrifuging and dispersing in methanol. Final precipitation was dissolved in chloroform at 50 mg/mL.
Transmission microscope (TEM), energy-dispersive X-ray spectroscopy (EDX) and selected area diffraction characterization (SAED).
The size distributions of the visible emissive PbS QDs were analyzed by TEM (JEOL-3000F at 300kV). The histogram of the size deviation was generated from a statistical measurement on 200 particles. EDX and SAED analysis were performed on JEOL-3000F at 300kV and the camera length was 255.8 mm. Scheme S1. Plausible mechanisms for the thermally induced olefin-S radical reaction with the generated organosulfur species. 6, 7 Crystal structure analysis of the visible emissive PbS QDs (SIII)
The ensembles crystal structures are measured using high-resolution powder x-ray diffraction. High-resolution synchrotron powder x-ray diffraction data of the samples were measured at 9B beam line of PLS-II. Remarkably, the bulk cubic phase remains stable even at this dimension ( Figure S2 ). The diffractograms show cubic characteristics, with broad peaks arising from the convolution of (111) and (200) which is indexed to be {111} planes. The PbS QDs also contain dislocations and stacking faults on the {200} planes, as highlighted in FigureS3 g. Consequently, the broadening feature in the XRD and SAED data can be explained to a considerable degree by the structural disorder revealed by the HRTEM. 8 Furthermore, the large Stokes shifts and broad PL peaks may also be linked to these faulted structures (i.e. generating surfaces trap states).
Based on XRD patterns (e.g. 220 diffraction), the crystal domain sizes of as-prepared emissive QDs are also determined by employing the Scherrer equation. 9 In equation 1, d is the size of the crystal domain, k is the shape factor which normally around 0.9, λ denotes the X-ray wavelength (copper kα λ=0.15406nm), β is the line broadening at half the maximum intensity (FWHM, in radians), θ is the Bragg angle (in degrees). The detail parameters and results are listed in Table S2 .
(1) = cos 
Composition analysis of the visible emissive PbS QDs (SIV)
Compositions of the visible emissive PbS QDs were characterized by quantized XPS analysis. XPS analysis uses a Thermo Scientific K-Alpha XPS instrument equipped with a micro-focused monochromated Al X-ray source. The source was operated at 12 keV and a 400-micron spot size was used. Normalized atomic percentages are determined from peak areas of the elemental main peaks detected on the survey scan following background subtraction and application of Thermosensitivity factors. The film is prepared by spin coating three layers of QD on top of an ITO slide. As shown in Figure S4 , the relative areas of Pb4f to S2s change upon the alternation of QD sizes, but mainly display lead rich features. Table S3 lists the detailed analysis results of the Pb/S ratio with different particle sizes. 
Optical property and monodispersity analysis of visible emissive PbS QDs (SV)
Optical The quantum yields (Φ QY ) of PbS QDs fabricated through 'hot-injection' approaches are reported ranging from 5% to 70%. 10 However, the optical band gaps of these QDs only cover NIR range (800-2000nm). 11 In the present work, Rhodamine B (RhB) in absolute ethanol is employed as a reference for quantum yield (Φ QY ) analysis. The absorption and emission spectra of the visible emissive PbS QDs (in toluene), standards Rhodamine B (in ethanol) are measured and displayed in Figure S6 . It should be noted that all the solution absorption is controlled below 0.05 to ensure the validation of the measurement and equation 2 is used for the Φ QY calculation. In equation 2, A is the absorbance at the excitation wavelength, PL is the area under the emission curve (expressed in a number of photons), and n is the refractive index of the solvents used. Subscripts s and x denote the reference standard and sample, respectively. 12 The detail results are listed in Table S4 .
(2) 
Band edge energy levels calculation from UPS analysis (SVI)
Visible emissive PbS QDs coated with different ligands (TBAI or EDT) for UPS measurements were fabricated in air using layer-by-layer spin-coating steps to obtain films (three layers) on ITO substrates. UPS measurements were performed on AXIS -NOVA (KRATOS Inc.) in an ultra-high vacuum chamber with an incident photon source of He (I) The notably large band gap shall be a good candidate for high-performance QDSC, particularly compensating the V oc deficiency. For instance, a 2.3 V direct bandgap semiconductor under 1.5 air mass illuminations, regardless of junction structure, theoretically (thermodynamic limit) can generate up to 2 V V oc at 300 K. 15 Regarding the ligand effects on the energy level alternation, the evolution of the band edge levels as a function of band gap were also studied as shown in Figure S7 b, c. Interestingly, blue PL QDs coated with TBAI shows relatively higher energy level than the EDT coated ones which is uncommon in conventional PbS QDs. Ligand effects previously were considered to result from distinct surface dipole moments arose from Pb-halide anion and the Pb-thiolcarbon interactions. 14 In view of stoichiometry (SIV) of the QD, our visible emissive PbS shows a uniform Pd-rich appearance, which certainly will affect the bonding conditions between the Pb and ligands. We do not exclude the size effect of the dot which holds large surface area compared to the conventional dot. However, we believe that besides of different ligands deduced dipole moments, QD stoichiometry shall also have the influence on the final band edge level variation.
As shown in the inset Figure of as PbS QDs. The energy levels of the ZnO ɛ fb and PbS@EDT ɛ VB (red PL QD) were estimated to be -3.7 eV and -5.0 eV, respectively. As indexed in the energy diagram, the potential difference (δ ε ) between these two levels was attributed to be the highest V oc this junction structure can produce, which is ca. 1.3 eV. 
J-V curve and EQE spectra analysis of the QDSC (SVII)
In Figure S9 , full-spectrum (350 nm-1500 nm) external quantum efficiency (EQE) analysis was carried out on the visible emissive QDSCs. A clear red shift can be observed from the onset of the spectra. It also can be revealed that smaller effective band gaps induced higher EQE. Besides the other composite absorption (i.e. ITO, ZnO etc.) and light reflections, the QDSC exhibits high EQE performance and peaks at 400 nm wavelengths. Figure S10a shows enlarged plots of Figure 3b (main text) to highlight the V oc improvement. Figure 10b and Figure 10c show another two examples of 2.22eV PbS
QDSCs. The devices performances are listed in the images. Figure S10d and Figure S10e show comparisons of current densities extracted from 2.22eV PbS QDSC with 0.8V V oc .
The J SC values which are calculated by integrating the EQE spectra with the AM1.5G solar spectrum shows good agreement with the measured J SC . Figure S9 . Full-spectra EQE spectra of the QDSCs made from these visible emissive PbS QDs. 
Characterization of the ZnS and ZnSe QDs (SVIII)
The typical optical properties of the ZnSe and ZnS QDs are demonstrated in Figure   S11 and Figure S12 . Comparison tests under ambient light and UV 365 nm radiation are provided along with absorption spectra. Crystal structure, size distribution and composition verification are also analyzed through TEM, EDX, and SAED respectively which are presented in Figure S13 , Figure S14 and summarized in Table S6 . 
